We previously demonstrated markedly inhib ited brain mitochondrial respiration only in cats that (a) were hyperglycemic at anoxia and (b) had neurologic signs, i.e., fasciculations in tongue or facial muscles or focal seizures following reoxygenation. However, since the relationship between time of onset of mitochondrial dysfunction and neurologic signs was unclear, in the present study we killed postanoxic cats immediately when signs first appeared. Cerebrocortical homogenates and isolated brain mitochondria only from symptomatic Delayed neurologic deterioration including myo clonus, seizures, and coma may develop in human survivors of anoxic/ischemic insults (Steegmann, 1969; Volpe, 1977; Krumholz et aI. , 1988). We have observed a similar delayed appearance of these neu rologic signs and also fasciculations in limb and cra nial musculature in animal models of hyperglycemic anoxia (M yers and Yamaguchi, 1977; Myers, 1979a,b; Myers et aI. , 1983 Myers et aI. , , 1985 Wagner et aI. , 1989a). Delayed seizure development has also been described in postischemic hyperglycemic rats (Siemkowicz and Hansen, 1978; Pulsinelli et aI. , 1982; Smith et aI. , 1988). At present, the biochem ical mechanisms responsible for this poor clinical outcome following hyperglycemic anoxia/ischemia remain speculative. 
Delayed neurologic deterioration including myo clonus, seizures, and coma may develop in human survivors of anoxic/ischemic insults (Steegmann, 1969; Volpe, 1977; Krumholz et aI. , 1988) . We have observed a similar delayed appearance of these neu rologic signs and also fasciculations in limb and cra nial musculature in animal models of hyperglycemic anoxia (M yers and Yamaguchi, 1977; Myers, 1979a,b; Myers et aI. , 1983 Myers et aI. , , 1985 Wagner et aI. , 1989a) . Delayed seizure development has also been described in postischemic hyperglycemic rats (Siemkowicz and Hansen, 1978; Pulsinelli et aI. , 1982; Smith et aI. , 1988) . At present, the biochem ical mechanisms responsible for this poor clinical outcome following hyperglycemic anoxia/ischemia remain speculative.
cats showed markedly inhibited substrate-, ADP-, and uncoupler-stimulated respiration rates. Cytochrome oxi dase activity and cytochrome aa3 concentrations were also markedly reduced in these mitochondria. Since brain mitochondrial function was impaired when neurologic signs first appeared, mitochondrial alterations are an im portant early organellar change correlated with develop ment of neurologic deterioration following anoxia. Key Words: Anoxia-Brain mitochondria-Cytochrome oxi dase-Hyperglycemia-Neurologic deterioration.
Brain mitochondrial structural and functional al terations are commonly described in relation to an oxic/ischemic insults (reviews by Brierley, 1973; Waggener and Beggs, 1977; Hillered, 1986) . How ever, mitochondrial swelling and impaired respira tion developing during the insult may be fully re versible and may not correlate with brain pathologic outcome (Petito and Pulsinelli, 1984a,b; Wagner and Myers, 1986; Sims and Pulsinelli, 1987; Wagner et aI. , 1989a) . In contrast, mitochondrial alterations that develop following anoxia/ischemia correlate well with brain injury (Linn et aI. , 1987; Sims and Pulsinelli, 1987; Wagner et aI. , 1989a) .
In a previous study, we examined postanoxic brain mitochondrial function at various times after neurologic sign appearance (Wagner et aI. , 1989a) . Thus, it was unclear whether mitochondrial alter ations were present at sign onset or were a conse quence of neurologic deterioration. In the present study, we sampled brain tissue immediately when neurologic signs first appeared. We compared oxy gen consumption rates of isolated brain mitochon dria and cerebrocortical homogenates since the lat-ter represents respiration by the entire population of "free" brain mitochondria (Sims and Blass, 1986) . We also measured cytochrome oxidase ac tivity and the concentrations of its prosthetic group, cytochrome aa3, since this electron transfer com plex was markedly altered in symptomatic cats (Wagner et aI., 1988a (Wagner et aI., ,b, 1989b . In particular it was of interest whether this complex was also altered when neurologic signs first appeared. A preliminary account of this work has been presented (Wagner et aI., 1989b) .
METHODS
Details of animal surgical preparation, exposure to an oxia, postanoxic resuscitation, and monitoring were pre viously described Myers, 1985, 1986; Wag ner et aI., 1989a) . Food-deprived (48 h) cats (2-4 kg) were anesthetized with pentobarbital (35 mg/kg i.p.). Addi tional pentobarbital (5 mg/kg i. v.) was given as needed to produce or maintain surgical anesthesia, but was not re quired post anoxia. Body temperature was maintained at 38.5 ± OSC. Cats were infused with either 0.9% saline or 50% glucose solutions (4.0 mllkg) over 30 min. Controls were killed at the end of infusion. Anoxia was induced in experimental animals by respiration with 100% nitrogen for 8 min.
Immediately on first appearance of postanoxic neuro logic signs, i.e., fasciculations in tongue and/or facial muscles or focal seizures affecting the cranial muscula ture, cortical tissue from entire hemispheres was dis sected from underlying white matter and homogenized
(1: 10 wt/vol) in ice-cold medium (0.25 M sucrose, 10 mM Tris-HCI, and 0.5 mM K + -ethylenediaminetetraacetate, pH 7.4). Respiration by homogenates (0.25 ml) was mea sured in a medium containing 75 mM mannitol, 25 mM sucrose, 5 mM phosphate, 100 mM KCI, 0.05 mM K + -ethylenediaminetetraacetate, and 10 mM Tris-HCI, pH 7.4, at 25°C (Sims and Blass, 1986) with pyruvate (5.0 mM) plus malate (2.5 mM) as substrates. ADP (300 nmol) and carbonyl cyanide p-trifluoromethoxyphenylhydra zone (FCCP) (1 fLM) were added to determine ADP-and uncoupler-stimulated respiration rates, respectively.
Mitochondria were isolated from homogenates by a dis continuous Ficoll gradient (Clark and Nicklas, 1970) , and oxygen consumption rates, respiratory control (Chance and Williams, 1956) , and ADP/O ratios (Estabrook, 1967) were determined as previously described (Wagner and Myers, 1986; Wagner et aI., 1989a) . Respiratory rates were similar with glutamate (see Fig. 2 ) and pyruvate (data not shown) (both plus malate) as substrates. Succi nate-supported respiration was not investigated, since we previously observed similar results with NAD-and FAD linked substrates (Wagner et aI., 1989a) . Other measure ments included mitochondrial cytochrome concentrations from difference spectra (Williams, 1964; Azzone et aI., 1979) as previously described (Wagner and Myers, 1986; Wagner et aI., 1989a) , cytochrome oxidase activity (Wharton and Tzagoloff, 1967) (except cytochrome c was reduced with dithionite), and protein (Lowry et aI., 1951 ). An analysis of variance (general linear models procedure) and Duncan's multiple range test (SAS Institute, 1987) were employed to determine statistically significant dif ferences between variables (p < 0.05).
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RESULTS
The control group contained only normoglycemic cats, since we previously demonstrated that hyper glycemia alone did not affect brain mitochondrial function (Wagner et aI., 1989a) . Six normo-and six hyperglycemic cats without neurologic signs ("presymptomatic") were killed at 60 min following anoxia. Six other identically exposed hyperglyce mic cats developed neurologic signs ("sympto matic") between 50 and 120 (65 ± to; mean ± SEM) min and were killed between 60 and 125 (74 ± 9) min postexposure.
No significant differences in control physiologic or blood chemical parameters were present be tween control and experimental animals ( Table 1) . Values for control animals were (mean ± SEM, n = 3) as follows: Pao2 = t09.9 ± 2.8 mm Hg; Paco2 = 34.0 ± 2.0 mm Hg; pH = 7.300 ± 0.050; MABP = 125 ± 16 mm Hg; hematocrit = 33.3 ± 1.2%; serum glucose = 7.1 ± 1.2 mM; serum lactate = 0.8 ± 0.1 mM. Normoglycemic cats had a slightly lower Paco2 during the control period. At anoxia, hyper glycemic cats had significantly higher serum glu cose concentrations (49 mM) compared with nor moglycemic cats (6.6 mM) (Table O. During anoxia, P a02 and P aco2 significantly de clined over control values and blood pressure reached tissue pressure levels (7-12 mm Hg) within 4--7 min. Significant differences in postexposure physiologic variables included lower P aco2 values (at 2.5 and to min) and lower serum glucose con centrations in normo-versus hyperglycemic cats and lower arterial blood pH (at 2.5 and 10 min) in symptomatic but not pre symptomatic hyper-versus normoglycemic cats. Figures 1 and 2 demonstrate impaired respiration rates in the absence of ADP (-ADP; state 4), and in the presence of ADP ( + ADP; state 3) or the uncoupler (FCCP) in corti cal homogenates and isolated brain mitochondria from postexposure symptomatic hyperglycemic cats. In contrast, no changes in respiratory control or ADP/O ratios were present in isolated mitochon dria between any experimental groups or versus controls (respiratory control and ADP/O ratio, re spectively: controls = to.3 ± 0.8 and 3.0 ± 0.4; postexposure-normoglycemic = 11.0 ± 2.2 and 3.1 ± 0.4; presymptomatic = 14.0 ± 2.0 and 3.1 ± 0.2; symptomatic = 12.6 ± 1.7 and 3.0 ± 0.2).
Cytochrome oxidase activity and cytochrome aa3 concentrations were markedly decreased (42 and 49% of control, respectively) in brain mitochondria from symptomatic as compared with control ani mals ( Table 2) . Alterations in isolated mitochondrial respiration and the cytochrome oxidase complex in Presymp. hypergly.
± 6
Tiss. press. 120 ± 18 133 ± 12 100 ± 10 99 ± 14 95 ± 10
Symptom. hypergly.
± 12
Tiss. press. 120 ± 19 134 ± 12 130 ± 9 125 ± 9 108 ± 5 6.6 ± 0.8b 14.0 ± 2.8b 14.7 ± 2.8b 13.5 ± 2.7b 13.2 ± I.3b 11.1 ± I.3b
Presymp. hypergly.
48.8 ± 3.3 45.6 ± 1.8 42.5 ± 1.5 39.4 ± 2.1 36.4 ± 1.7 29.1 ± 1.1
49.7 ± 2.6 45.5 ± 2.4 40.9 ± 3.3 39.4 ± 2.8 36.9 ± 3.0 28.7 ± 4.2
Serum lactate (mM) N ormoglycemic 1.4±0.3 10.6 ± 0.4 6.5 ± 1.9 6.9 ± 0.2 6.9 ± 0.3 3.9 ± 0.5
1.4±0.3 9.7 ± 0.6 7.5 ± 0.4 6.5 ± 0.4 6.1 ± 0.3 3.9 ± 0.4
1.7 ± 0.3 11.6 ± 0.8 10.0 ± 0.8 8.8 ± 1.2 7.3 ± 1.3 5.4 ± 1.2
Values are Means ± SEM of data from six cats at each time point. Presymp. , presymptomatic; Symptom. , symptomatic; hypergly. , hyperglycemic;
Tiss. press. , tissue pressure (7-12 mm Hg) at 8. 
DISCUSSION
We previously demonstrated markedly impaired brain mitochondrial respiratory function between 1 and 5 h following anoxia in cats with neurologic signs (Wagner et al., 1989a) . These studies, how ever, failed to clarify the relationship between time of sign onset and inhibition of mitochondrial respi ration. Our present results show that animals killed at first sign appearance already have reduced mito chondrial respiration rates. Furthermore, since res piration rates were reduced by similar degrees in cortical homogenates and isolated mitochondria J Cereb Blood Flow Me/ab, Vol. 10, No.3, 1990 from symptomatic cats, this mitochondrial dysfunc tion is not due to an artifact of the isolation proce dure or a higher proportion of damaged mitochon dria in the pellet. Our results confirm those of Sims and Pulsinelli (1987) and Linn et al. (1987) who also described a postischemic deterioration of brain mi tochondrial respiration, the former authors demon strating that impaired respiration occurred prior to ischemic cell changes. These brain mitochondrial alterations are not likely to result from impaired postanoxic CBF. In deed, cortical CBF measured by hydrogen clear ance in symptomatic cats was markedly elevated early following reoxygenation and thereafter was always at or above control values (unpublished ob servations). Similarly, other investigators have failed to define a relation between postischemic CBF and neurologic and brain pathologic outcomes 5 following cerebral ischemia (Siemkowicz and Gjedde, 1980; Welsh et ai., 1980; Pulsinelli et ai., 1982; LaManna et ai., 1988) . Furthermore, potential increases in serum osmolarity from the hyperglyce mia we employed appear unimportant since marked hyperglycemia does not, itself, depress mitochon- (Wagner and Myers, 1986; Wagner et ai., 1989a) and mannitol induced increases in serum osmolarity do not exac erbate ischemic brain injury (Pulsinelli et ai., 1982) . All cats were maintained under deep pentobar bital anesthesia for the duration of the experiment. Although barbiturates produce well-described ef fects on cerebral oxygen consumption (Lassen, 1959) , glucose utilization (Sokoloff, 1981) , and me tabolite concentrations (Mayman et aI., 1964; Gat field et aI., 1966; Nelson et aI., 1968; Krieglstein and Stock, 1975) , mitochondrial alterations demon strable only in symptomatic cats were not the result of higher pentobarbital concentrations in this group. We base this conclusion on the following observa tions: (a) Serum pentobarbital levels (flg/ml) at ex posure were similar between control (23.0 ± 2.0) and experimental (postanoxic: normoglycemic = 25.3 ± 1.1; pre symptomatic = 22.0 ± 1.3; symp tomatic = 26.9 ± 6.0) animals. Also, pentobarbital levels did not differ at anoxia versus 1 h postanoxia (21.4 ± 0.6 vs. 20.2 ± 0.9, n = 4). (b) No significant differences in mitochondrial respiration (or metab olite concentrations) were present between cats killed at 2 vs. 5 h following anesthesia [unpublished; state 3 = 109.1 ± 9.1 (n = 6) and 102.0 ± 8.7 (n = 3) at 2 and 5 h, respectively; values are means ± SEM expressed as nmol O/min/mg protein with glu tamate plus malate].
The present results also demonstrate correlations between decreased cytochrome oxidase activity and cytochrome aa3 concentrations and impaired mitochondrial respiration. Since uncoupled respira tion was also inhibited in brain mitochondria from symptomatic cats, decreased electron transport chain function may account for inhibited respiration in symptomatic cats. However, mitochondrial sub strate transport or dehydrogenase activities may also be altered (Lai et aI., 1988; Katayama and Welsh, 1989) . Although brain mitochondrial alterations are cor related with the appearance of postanoxic neuro logic signs, these results do not necessarily imply a cause-and-effect relation. Indeed, mitochondrial membrane injury may result from various patho chemical mechanisms underlying neurologic sign development. In this regard, Warner et ai. (1987) reported that increased brain tissue water content possibly due to increased blood-brain barrier per meability preceded seizure onset in postischemic hyperglycemic rats. However, although mitochon drial alterations may occur secondarily, impaired respiration is not without consequence. Despite un changed efficiency of mitochondrial respiration (in dicated by normal ADP/O ratios), the rate of high energy phosphate production was reduced by 50% in symptomatic cats. This may result in an imbal ance between production and utilization of high energy phosphates, which may explain previous re sults demonstrating 5-to 10-fold increases in lactate and reductions in ATP (by 30%) and phosphocreat ine (by 50%) concentrations in cortical tissue of postanoxic symptomatic cats (Wagner et al., 1989a) .
